Abstract Constructed wetlands used to clean up toxic metals such as lead (Pb) from contaminated wastewater are considered as an effective and low-cost technology. The effect of Pb on the biomass, tolerance, soluble protein, and antioxidant enzymes in 18 candidate wetland plant species grown in soils without (control) and spiked with 900 and 1800 mg Pb kg
Introduction
Wastewater contaminated by heavy metals (e.g., Pb) is a serious environmental problem as a result of the mining industry in many countries (Singh et al. 2004; Sharma et al. 2007 ). In China, large areas of land (including paddy fields) in mining areas have been contaminated by Pb due to irrigation with Pb-contaminated wastewater arising from mineral processing plants Liu et al. 2013) . High Pb concentrations in paddy soils (386 mg kg −1 at the Dabaoshan and 2780 mg kg −1 at Fankou mining areas) have been reported in South China (Zhuang et al. 2009; Li et al. 2012) . There is an urgent need to develop cost-effective methods to control and remediate contaminated wastewaters in order to ensure safe crop production practices in areas such as these affected by Pb contamination. Constructed wetlands have, for some time, been considered as an effective, low-cost, and practical approach for the clean up of metal-contaminated wastewaters (Sheoran and Sheoran 2006; Vymazal 2011) . In a constructed wetland system, the plant is a key component in metal removal via filtration, adsorption, and cation exchange, and through plant-induced chemical changes in the rhizosphere (Wright and Otte 1999) . Cattail (Typha latifolia L.) and common reed (Phragmites australis (Cav.) Trin. ex Steud.) have been used successfully for the phytoremediation of Pb/Zn mine tailings under waterlogged conditions .
The uptake and accumulation of Pb by wetland plants are strongly governed by substrate Pb concentrations and the plant species (Zhang et al. 1998; Deng et al. 2004) . There is evidence that some emergent wetland plants such as cattail, common reed (Ye et al. 2001) , yellow flag (Iris pseudacorus L.) (Han et al. 2008) , and the aquatic macrophyte Najas indica (Willd.) Cham. ) have a greater ability to tolerate Pb and to accumulate it to some degree in their tissues. However, there is considerable variation between species in their responses to Pb (Deng et al. 2006) . Lead-tolerant plants tend to be root accumulators showing restricted Pb translocation from root to shoot (Baker and Walker 1990; Shu et al. 2012) . Previous studies have suggested that some wetland plant species accumulate very low Pb concentrations in their shoots even when grown in highly Pb contaminated substrates (Ye et al. 1997a (Ye et al. , b, 2001 Deng et al. 2004 Deng et al. , 2006 and employing an 'excluder' strategy (sensu Baker 1981) . Other species, however, accumulate higher Pb concentrations in their shoot tissues without any visible toxicity symptoms. These observations suggest that some innate mechanisms of metal detoxification (e.g., antioxidant enzyme activities) may exist in at least some wetland plant species (Fediuc and Erdei 2002; Adhikari et al. 2010; Singh et al. 2010) .
Lead is a non-essential element and at high concentrations can lead to alterations in the morphology and physiology of plants thought to be caused by reactive oxygen species (ROS) stress from hydroxyl (OH − ) and superoxide radicals (O 2− ) and hydrogen peroxide (H 2 O 2 ) which cause oxidative damage (Guo et al. 2004) . For the protection against such damage to plant cells, increased activity of oxygen radical detoxifying enzymes, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), may be induced in order to resist the oxidative stress caused by potentially toxic metal concentrations (Chaoui et al. 1997) . SOD is a metalloenzyme that catalyzes the disproportionation of O 2− radicals to H 2 O 2 and O 2 , and plays an important role in protecting cells against the toxic effects of superoxide radicals produced in different cellular compartments . POD catalyzes H 2 O 2 -dependent substrate oxidation, and POD activity is also considered a useful biomarker for sublethal metal toxicity (Podazza et al. 2012) . CAT is one of the most important enzymes for the regulation of intracellular H 2 O 2 levels affected by SOD catalyzed reactions (Blokhina et al. 2003) . Recently, studies have indicated that these antioxidant enzymes may play an important role in the defensive mechanism of wetland plants against Pb and other heavy metals. This has been suggested for T. latifolia (Fediuc and Erdei 2002) , P. australis (Ederli et al. 2004) , Lemna minor L. (Hou et al. 2007) , I. pseudacorus (Zhou et al. 2010) , and Juncus effusus L. (Najeeb et al. 2011) . However, the existence of any specific relationships between Pb tolerance and antioxidant enzymes across a wider range of wetland plants remains unclear.
The aims of the current study were (1) to compare the Pb tolerance, uptake, and accumulation in a wide range of wetland plants and (2) to determine the effects of Pb on antioxidant enzymes in these wetland plants. As Pb is one of the commonest heavy metals in industrial wastewater and mine processing wastes such as tailings lagoons , the results from this screening study should provide useful information for the selection of appropriate wetland plant species in constructed wetlands designed for the treatment of industrial run-off waters and in the phytoremediation of slurried mine tailings contaminated with Pb.
Materials and methods

Plant materials and Pb treatments
The 18 emergent-rooted wetland plants have been selected as they are (1) fast growing, (2) widely distributed, and (3) possess low nutrient requirement. The plant materials were collected from non-contaminated sites in Guangdong Province (Yang et al. 2014 were germinated from seed. Because of the differences in growth rates between these, individuals of the same species with similar shoot heights and root lengths were selected for a pot trial. Plant cultivation was conducted in a glasshouse in a randomized block design. The glasshouse was illuminated with cool-white fluorescent t u b e s , s u p p l y i n g a p h o t o n f l u x d e n s i t y o f 300 μmol m −2 S −1 , a relative humidity of 85 %, and a light/dark cycle of 14 h day/10 h night. The day/night temperature regime was between 28 and 22°C. The soil used in the pot trial was collected from a 'clean' paddy field (0-20 cm) at South China Agricultural University campus, located in Guangzhou City, Guangdong Province, PR China. It was spiked with Pb (900 and 1800 mg kg − 1 supplied as Pb(NO 3 ) 2 ), then mixed thoroughly and allowed to equilibrate for 2 months. These two levels of Pb treatment were selected on the basis of results of our pilot experiments and other previous studies (Adhikari et al. 2010) . Unamended soil served as a control. During the equilibration, the soil water was maintained at 70 % of maximum water holding capacity by weight. After 2 months, the bulk soil was air-dried and passed through a 2-mm sieve, and then 1 kg of air-dried soil was used in each pot. Physicochemical properties of the soil used for the experiment were pH 5.2 (2.5:1 distilled water: soil, v/w), organic matter content 17.54 g kg −1
(K 2 CrO 7 -H 2 SO 4 ), total N 0.836 g kg −1 (semi-quantitative titration), Olsen-P 28.74 mg kg −1 (0.5 M NaHCO 3 ), available K 63.95 mg kg −1 (1.0 M NH 4 OAc), and total
Pb 36 mg kg −1 . To imitate wetland conditions, soils in the experimental units were maintained at 100 % waterholding capacity for 2 weeks. The initial heights of the 18 plant species used in the pot trial ranged from 15 to 20 cm. For each species, two seedlings or tillers were transplanted into each pot and were grown under the same glasshouse conditions. There were three treatments employed in the pot trial (control, 900 mg Pb kg −1 and 1800 mg Pb kg −1 ) with four replicates for each treatment/plant species. The pots were arranged in a fully randomized design on the glasshouse bench and their positions rotated regularly to ensure uniform growth conditions. After 40 days, P. lanuginosum in the 1800 mg Pb kg −1 treatments withered and died. At 120 days, plant height was measured for all other species and four leaves of each were removed, wrapped around with aluminium foil, and stored in liquid nitrogen for subsequent total soluble protein and antioxidant enzyme analysis. Plants were then carefully removed from the soil, separated into roots and shoots, thoroughly rinsed with deionized water, and then oven-dried at 70°C to constant weight and used for the determination of biomass and Pb concentrations in root and shoot tissues.
Determination of total soluble proteins and antioxidant enzymes activities
Fresh leaf samples (0.5 g) were ground with liquid nitrogen and homogenized in 5 mL of 50 mmol sodium phosphate buffer (pH 7.0), including 0.5 mmol EDTA and 0.15 mol NaCl. The homogenate was centrifuged at 12,000g for 10 min at 4°C, and the supernatant was used for protein determination and enzyme assays. Total soluble protein content was determined by the method of Bradford (1976) using BSA as a standard. Superoxide dismutase (SOD) activity assay was based on the inhibition of the photochemical reduction of nitroblue tetrazolium (NBT) (Giannopolitis and Ries 1977) . One unit of SOD activity was defined as the amount of protein inhibiting 50 % of the initial reduction of NBT under illumination, expressed as U mg −1 protein. Catalase (CAT) activity was assayed by the consumption of H 2 O 2 conversion by changes in absorbance at 240 nm (Aebi 1984) and was expressed as U mg −1 protein min
. POD activity was determined after H 2 O 2 -induced guaiacol oxidation by absorbance change at 470 nm (Chance and Maehly 1955) , again expressed as U mg −1 protein min
.
Analysis of Pb concentrations in plant tissues
Oven-dried root and shoot samples were homogenized using a Retsch grinder (Type: 2 mm, Retsch Company, Germany) and then digested in HNO 3 (Alexander et al. 2006) . Sub-samples of plant tissue (0.5 g) were weighed into 200 mL block digestion tubes, concentrated nitric acid (10 mL) added and allowed to stand overnight. They were then heated for 3 h at 60°C, followed by 6 h at 110°C. After cooling, the digests were passed through pre-washed Whatman 540 filter papers (Whatman & Co., UK). The digestion tubes were rinsed four times, passing through the filter each time, and the combined filtrates made up to 50 mL volume using ultrapure water. Lead concentrations in the digests were determined by inductivelycoupled plasma optical emission spectrometry (ICP-OES, Optima 2100, Perkin Elmer, USA). Blank and bush leaf material (BGW-07603) (China Standard Materials Research Center, Beijing, PR China) was used for quality control. The Pb recovery rates were 90±10 %.
Statistical analysis
Lead tolerance was quantified by a tolerance index (TI) calculated from a comparison between the growth of each plant in treatments with and without Pb additions (Wilkins 1978) .
Tolerance index % ð Þ ¼ dry weight in soil with Pb dry weight in soil without Pb Â 100
Data on plant performance were tested for their normality and variance prior to a one-way analysis of variance (ANOVA). No data transformation was required. If the differences between plant species for each Pb treatment or between Pb treatments for each plant species were significant at the 5 % level, the least significant difference (LSD) was calculated as a post hoc test. All statistical analyses were performed using the SPSS 11.0 statistical package.
Results
Effects of Pb on plant growth and tolerance index
The height and biomass dry weight of most species tested in the Pb treatments were significantly lower than those in the control. Tolerance indices for the 18 plant species varied from 29 to 82 % in the 900 mg Pb kg −1 and from 1 to 80 % in the 1800 mg Pb kg −1 treatments (Table 1) .
Pb concentrations in plant tissues
Lead concentrations in shoots of the 18 wetland plants grown in the control, 900 and 1800 mg Pb kg −1 treatments ranged from 4 to 36, 13 to 749, 49 to 18,650 mg kg
, respectively. The ranges in roots were 18 to 65, 1112 to 4891, 2477 to 17,620 mg kg −1 (Table 2 ). The concentrations of Pb in root tissues increased significantly in the Pb treatments (P<0.05).
Effects of Pb on protein contents and antioxidant enzyme activities
The protein contents and CAT activities in leaves of the plants were significantly reduced in the Pb treatments (Table 3 ). The degrees of reduction (in terms of % of the control) of protein and CAT activities were significantly different (P<0.01) between the species tested, ranging from 3.2 to 69.3 % and 1.9 to 18.4 % in the 900 mg Pb kg −1 treatment, respectively. The equivalent ranges in the 1800 mg Pb kg −1 treatments were 6.6 to 92.1 % and 3.7 to 22.9 %. However, activities of SOD and POD in leaves significantly increased in the Pb treatments. The degrees of increase (in terms of % of the control) of SOD and POD activities were also significantly different (P<0.01), ranging from 4.8 to 152 % and 4.7 to 81.8 % in the 900 mg Pb kg −1 treatment, and from 13.1 to 104 % and 16.2 to 108 % in the 1800 mg Pb kg −1 treatment, respectively.
Correlations between Pb tolerance indices, concentrations of Pb in roots and shoots, protein contents, and antioxidant enzyme activities Significant correlations were apparent between protein contents; activities of SOD, POD, and CAT in Pb-treated plants; and their indices of Pb tolerance in the Pb treatments (Fig. 1) . Negative correlations were suggested between Pb tolerance indices and the Pb concentrations in roots and shoots in Pbtreated plants in the Pb treatments (Fig. 2) . Negative correlations were also found between protein contents and these Pb concentrations in the tissues of the 18 wetland species in the control and Pb treatments (Fig. 2) .
Discussion
Pb tolerance and accumulation by the wetland plant species Plant growth (biomass) is usually reduced when plants are challenged with high levels of Pb (Ye et al. 1997a, b; ). The present study clearly showed that dry weights of most of the wetland species tested were reduced in Pb treatments compared to the control, but the degrees of reduction differed significantly between plant species suggesting different intrinsic Pb tolerance between them. In addition, our data suggested that there are negative correlations between Pb concentrations in roots and shoots in Pb-treated plants and their Pb tolerance indices (Fig. 2) . This indicates that the plants with higher Pb tolerance indices tend to accumulate lower concentrations of Pb in their roots and shoots when grown under Pb treatment stress. Concentrations of Pb in shoots and roots also showed significant differences between the species in the same Pb treatment (Table 2) , also demonstrating different abilities in Pb transport and accumulation. Concentrations of Pb in roots were higher than those in shoot tissues (P<0.05). This is due to the operation of an exclusion mechanism and so the concentrations of heavy metals in the shoots of plants are maintained at a constant low level when grown in metalcontaminated soils of variable Pb status (Baker 1981) . The notably low Pb concentrations in shoots of A. tatarinowii and Z. aethiopica (49-107 mg kg ) still did not show any severe symptoms of Pb toxicity. These findings indicate that internal mechanisms of Pb detoxification may also exist in some wetland plants, such as P. scrobiculatum, in addition to the exclusion mechanism. Baker (1981) also suggested that internal (genetically-determined) tolerance mechanisms can exist in plants when grown in heavy metal-contaminated soils.
Effects of Pb on protein contents and antioxidant enzyme activities
Metal stress can act at different cellular sites to inhibit enzymes having functional sulfhydryl groups. In the present study, both Pb treatments induced the decline in soluble protein contents and CAT activities in most of the species tested (Table 3) . However, the species with higher Pb tolerance indices tended to have higher protein contents, SOD, and POD activities (Fig. 1) , suggesting that there were indeed internal Pb detoxification mechanisms in the wetland species tested. Increased protein content is possibly due to the induction of stress proteins even under low metal exposure (Srivastava et al. 2005) . However, in the present study, the reduction of protein contents in most species in the 900 and 1800 mg Pb kg −1 treatments may be due to Note: Different letters within the same row and the same index (shoot and root) indicate significant difference between the three treatments (CK, Pb900, and Pb1800) at the level of P<0.05 level Table 3 Concentrations of proteins and antioxidant enzymes in leaves of 18 species of wetland plants grown in soils spiked without (control, CK) and with Pb (900 and 1800 mg kg Different letters within the same row and the same index (protein, SOD, POD, and CAT) indicate significant differences between the three treatments (CK, Pb900, and Pb1800) at the levels of P<0.05
degradation by proteases as a result of high metal exposure (Romero-Puertas et al. 2002; Hou et al. 2007 ).
Our results also showed significant negative correlations between Pb concentrations of roots and shoots in the Pb-treated plants and their protein contents (Fig. 2) . Similar studies by other workers have shown that the protein content of plants is decreased by Pb accumulation (Mohan and Hosetti 1997; Singh et al. 2010) , suggesting that the wetland species here with lower concentrations of Pb in their biomass tended to have higher protein contents and decreased degradation by proteases under Pb exposure. Increased SOD activity with increased level of Pb in soils in most of the 18 species may be attributed to the increased production of active oxygen species, which the results in an increase in expression of the gene encoding SOD (Bowler et al. 1992; Fatima and Ahmad 2005) , suggesting that this increase provides increased protection against oxidative damage .
Previous studies with metal-tolerant plant species have reported that POD activity is found to be sufficiently high to enable the plants to protect themselves against oxidative stress (Uraguchi et al. 2006; Kovacik and Klejdus 2008; Adhikari et al. 2010) . In the present study, our results showed that those species with higher Pb tolerance were able to maintain higher levels of POD activity under higher Pb stress. POD also participates in lignin biosynthesis (Podazza et al. 2012) , an important tolerance mechanism protecting the protoplast from toxic effects of heavy metals (Wojcik et al. 2005; Adhikari et al. 2010) . It suggests that the wetland species with higher POD activity may be more efficient in avoiding damage from Pb.
For most species tested, a decline in CAT activity with increasing levels of Pb in soils may be attributed to enzyme inhibition, because Pb binds to the thiol group of this enzyme (Ouzounidou et al. 1997) or causes disruption of protein synthesis as well as direct damage to proteins (Srivastava and Dubey 2011) . Some experimental data reported by other workers also suggest that the variations in POD and CAT activities under oxidative stress are contradictory: an increase, a decrease, or no change (Shaw 1995; Boscolo et al. 2003; Singh et al. 2010) . This can perhaps be attributed to differences between species, plant tissues studied, or the duration and concentrations of metal exposure (Radic et al. 2010) . Our data presented here, together with the previous reports, suggest that antioxidant enzymes may have important roles in internal Pb detoxification in wetland plants. In summary, our results showed that there are significant differences in Pb tolerance and accumulation between the wetland plants. The plants with higher Pb tolerances tended to have lower Pb accumulation but higher protein contents, SOD, and POD activities in their shoots when exposed to Pb. The results suggest that an 'excluder' strategy and an internal mechanism of Pb detoxification by antioxidant enzyme activities are both widely employed and play important roles in Pb tolerance in wetland plants. The existence of clear differences in the responses to Pb of the 18 species tested in this study will be helpful in the selection of species for use in constructed wetlands to limit the environmental impact of Pb contamination in effluents and drainage waters. 
